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ABSTRACT:
Phase behavior and structural features were investigated for “complex salts”, consisting of the cationic hexadecyltrimethylammo-
nium (CTA) surfactant with polyacrylate (PAn, n = 30 or 6000) counterions, mixed with water and diﬀerent n-alcohols (ethanol,
butanol, hexanol, octanol, and decanol). The liquid crystalline structures formed were identiﬁed by small-angle X-ray scattering
measurements, which provided information about the changes in the geometry of the aggregates as functions of the concentration
andchainlengthoftheaddedn-alcohol.Theobtainedresultswerecomparedwithapreviousworkonsimilarternarymixturesofthe
same cationic surfactant but with the monomeric bromide counterion, CTABr (Fontell, K.; Khan, A.; Lindstr€ om, B.; Maciejewska,
D.;Puang-Ngern,S.ColloidPolym.Sci.,1991,269,727).Ingeneral,thesamephasesweredetectedinsystemswiththecomplexsalts
CTAPAn as in systems with CTABr, but the swelling of the various liquid crystalline phases by water was much more limited in the
complex salt systems. An isotropic alcoholic phase was observed with all alcohols and the size of this region of the phase diagram
increased for the shorter alcohols, except for ethanol. For mixtures with octanol and ethanol, in particular, the extensions of the
disordered isotropic phases were larger for the complex salt with the shorter polyacrylate ions.
1. INTRODUCTION
Ionic surfactant molecules display strong association with
oppositely charged polyions in water due to electrostatic inter-
actions and give rise to the formation of polyionsurfactant ion
complex salts.
1,2 The strong association between the oppositely
charged species may lead to an associative phase separation,
resulting in one concentrated phase rich in polyions and surfac-
tant ions and one diluted phase containing most of simple coun-
terions and water.
3 The concentrated phase can be a disordered
liquid or a liquid crystalline phase (typically cubic, hexagonal,
or lamellar) due to the self-assembling properties of surfactant
molecules.
4,5
Associating polymersurfactant systems are useful in many
diﬀerent situations. The liquid crystalline phases obtained can
be used as templates in silica polymerization reactions
6 in drug
delivery systems
7 and in deposition of silicone oil onto hydro-
philic surfaces.
8 For all of these applications, it is important to be
able to control the phase structure as well the composition and
water miscibility of the resulting structure of the associating
complex salt, and the most common way to obtain this type of
information is by studying the phase behavior of the desired
system.
9
The phase equilibria of these two electrolytes containing a
total of four diﬀerent ions in water is rather complex to study
because phases containing mixtures of all four ions in diﬀerent
proportions appear in such mixtures. Thalberg et al.
10 suggested
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a pyramidal phase diagram to represent, speciﬁcally, the associa-
tive phase separation of mixtures of oppositely charged polyelec-
trolytes and surfactants in water. To simplify this kind of study,
Svenssonetal.
1developedanalternativestrategywherethesmall
counterions of the surfactant, the polyelectrolyte, or both were
eliminated, and the pure “complex salt”, consisting of surfactant
ions with polyions as counterions, was used as a single compo-
nent.Using thisnewapproach,itispossibletoobtain truebinary
systems when water is mixed with the complex salt and true
ternary systems when the complex salt is mixed with water and a
third component.
1,2,11,12
In our research group, the methodology developed by Svens-
son et al.
1 was used in studies to analyze the eﬀect of adding
solvents with diﬀerent low polarities on the phase behavior of
polyionsurfactant ion complex salts in water.
13,14 The main
conclusion was that the structure of the liquid crystalline phase
assumed by the complex salt is dependent on where the added
solvent is located in the surfactant aggregates.
13,14 With xylene,
an apolar cosolvent that was mostly located in the aggregate
core, a predominance of hexagonal phase was observed, whereas
with decanol, which is located at aggregate interface, the phase
diagram displays a predominance of lamellar phases.
13,14
In the present study, we investigate the eﬀect of the n-alcohol
carbon chain length on the phase equilibria and structures
formed by the complex salts CTAPA30 and CTAPA6000 (CTA =
heaxadecyltrimethyl ammonium; PA = polyacrylate) when
mixed with water and alcohol. The eﬀect of the polymeric
counterionisilluminatedbycomparingtheresults obtainedwith
a prior investigation carried out by Fontell et al.
15 on the same
solventmixturesbutemployingCTABrasthesurfactant.Wealso
compare our results with those of a recent study of complex
salts based on DNA in mixtures with water and n-alcohols.
16 A
detailedstudy of thenatureof the reverse micelles formed bythe
complex salts CTAPAn in some of the alcohol-rich phases of the
present study has been published elsewhere.
17
2. EXPERIMENTAL METHODS
2.1. Chemicals. Poly(acrylic acid) (PAA) samples with molar
masses of 2000 and 450000 g mol
1 (30 and 6000 AA units, res-
pectively) from Sigma were used as received. Hexadecyltrimethylam-
monium bromide (CTABr) 99% was purchased from Sigma and used
withoutfurthertreatment.DecanolfromBDH,octanolfromMerck,and
hexanol, butanol, and ethanol from Acros, all of the highest purity
available,were alsousedwithout furthertreatment. Milliporewaterwith
a resistivity of 18 MΩ/cm was used throughout the study.
2.2. Synthesis of Complex Salts. Complex salts of CTA
+ with
polyacrylate counterions were prepared by titration of the hydroxide
form of the surfactant (CTAOH) with the acid forms of the polymers
(PAA), according to the procedure developed by Svensson et al.
1
Throughout this text, the complex salts will be named CTAPA30 and
CTAPA6000, where 30 and 6000 refer to the average degrees of poly-
merization of the polyions.
2.3. Sample Preparation. Appropriate amounts of complex salt,
water, and n-alcohol were weighed into glass tubes. After mixing with a
Vortex vibrator, the tubes were flame-sealed. Sample mixing continued
inacentrifugeat25Cwhere thetubeswereturnedend-over-end every
30minforseveraltimes.Thesampleswerelefttoequilibrateat25Cfor
at least 1 month. No differences were observed when older samples of
the same compositions were investigated.
2.4. Methods. The samples were investigated by visual inspection
in normal light and between crossed polarizers to detect optically
anisotropic phases (lamellar, hexagonal, and reverse hexagonal).
SAXS measurements were performed in the SAXS beamline (D02A)
of the Brazilian Synchrotron Laboratory (LNLS) at Campinas, Brazil.
The experimental setup involved the use of X-rays at the wavelength of
1.488 Å and a sample-to-detector distance of 591.2 mm. For these
experiments, a sample cell with mica windows was used with tempera-
ture control. (All measurements were made at 25 C.) Typical acquisi-
tion times were ca. 5 min. The collected data were treated using the
software Fit2D, which allows the integration of detector images.
18
3. RESULTS
3.1.StrategyofInvestigatingthePhaseDiagrams.Ternary
systems of the two complex salts (C16TAPA30,C 16TAPA6000)
withwaterandn-alcohol(ethanol,butanol,hexanol,octanol,and
decanol) were analyzed and are represented in conventional
triangular phase diagrams, as shown in Figures 1 and 2. The
general approach used to investigate all phase diagrams was
to focus on dilution lines, referred to as alcohol and water dilu-
tion lines. The analyzed n-alcohol dilution line (indicated in
Figure 1a) starts with a binary mixture of ca. 30 wt % of complex
salt and 70 wt % of water, which contains two-phase samples of
either a cubic phase (for CTAPA30) or a hexagonal phase (for
CTAPA6000) in equilibrium with almost pure water.
2
Alongsuchadilutionline,theeﬀectscausedbytheadditionof
various alcohols can be followed. Diﬀerent water dilution lines
were also investigated in the concentrated region of the phase
diagrams toelucidate speciﬁcfeatures of eachsystem. All bound-
ariesindicatedinFigures1and2assolidlineswerequantitatively
determined by investigating samples close to the boundaries.
Dotted lines deﬁne boundaries between regions that were not
directlyobservedwiththepreparedsamplesandhencerepresent
estimated positions.
The solubilities of the two complex salts in the n-alcohols
were not quantitatively measured in this work, but estimates can
beobtainedatthen-alcoholcomplexsaltaxisintheternaryphase
diagrams shown in Figures 1 and 2. For both complex salts, the
solubility of CTAPAn increases as the n-alcohol alkyl chain length
decreases. The estimated solubilities in decanol, octanol, hexanol,
butanol, and ethanol are, respectively, 10, 40, 60, 65, and 70 wt %
for CTAPA30 and 8.5, 20, 40, 65, and 50 wt % for CTAPA6000.
3.2. Decanolic System. Phase diagrams of decanolic systems
weredeterminedanddescribedindetailinapreviousstudy
14but
are included here for the sake of completeness. In brief, at
the starting point of the alcohol dilution line (binary mixture
of water + complex salt), the systems display two phases in
equilibrium:abottomisotropicliquidphase(L1)andatopliquid
crystalline phase. For CTAPA30, the liquid crystalline phase is a
Pm3n cubic phase, and for CTAPA6000, the top phase is an
anisotropic hexagonal phase. Along the alcohol dilution line, the
CTAPA30 complex salt assumed three liquid crystalline struc-
tures: cubic (C), hexagonal (H), and lamellar (L), whereas the
CTAPA6000 complex salt assumed only hexagonal and lamellar
structures. The phase transitions from cubic to hexagonal and
fromhexagonaltolamellarweredetectedwhensmallamountsof
decanol were added to the systems, as shown in Figures 1A and
2A, which indicate that decanol acts effectively as a cosurfactant,
favoring structures with low curvature. At the end of the alcohol
dilution line, a small region with an alcoholic solution (L2) was
detected for both complex salt systems.
3.3. Octanolic System. The phase diagrams of octanolic
systems, showninFigures1B and 2B, present twoliquid isotropic
phases: one composed of almost pure water (L1)a n dt h eo t h e r9052 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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onelocatedclosetotheoctanolrich-corner (L2). Throughoutthe
phasediagram,thecomplexsaltCTAPA30self-assemblesintofour
different liquid crystalline structures: cubic (C), hexagonal (H),
lamellar(L),andreversehexagonal(H2).Withthelongercomplex
salt CTAPA6000, the cubic phase was not detected, being absent
also in the binary mixture: complex salt + water.
2
Upon addition of octanol to the CTAPA30 + water mixture,
the cubic phase disappears, even in samples prepared close to
the complex saltwater axis. However, a narrow biphasic region
with C + L1 and a three- phase region with C + H + L1 are
represented in the ternary phase diagram, as required by the
Gibbs phase rule.
Figure 1. Phase diagram of the n-alcohol/water/CTAPA30 systems at 25 C: (A) decanol,
14 (B) octanol, (C) hexanol, (D) butanol, and (E) ethanol.
Codesforphases:L1,aqueousisotropicsolution;C,cubic;H,hexagonal;L,lamellar;H2,reversehexagonal;L2,alcoholicisotropicsolution.Thealcohol
dilution line used for comparison among diﬀerent systems is indicated in part A.9053 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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Along the alcohol dilution line, the octanol molecules
must be quantitatively incorporated into the surfactant
aggregates because of low water solubility of octanol
(0.064 wt %).
19,20 Thus, the L1 phase, present in the
CTAPA30 and CTAPA6000 systems, can be assumed to be
almost pure water because the complex salts do not dissolve
in water either.
2
At low octanol content, both systems present a normal
hexagonal phase in equilibrium with excess of water (H + L1).
The normal hexagonal phase, whose SAXS peaks appear at
relative positions 1, 3
1/2, 2, presents cell parameter of 51 Å for
CTAPA30 and 50 Å for CTAPA6000. The hydrophobic radius of
the cylinders, calculated following Kunieda et al.,
21,22 is ca. 15 Å
for both systems. The biphasic region (H + L1) persists until
Figure2. Phasediagram ofthen-alcohol/water/CTAPA6000 systemsat25C:(A)decanol,
14(B)octanol,(C)hexanol,(D)butanol,and(E)ethanol.
Codes for phases: L1, aqueous isotropic solution; H, hexagonal; L, lamellar; H2, reverse hexagonal; L2, alcoholic isotropic solution.9054 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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6 wt % of octanol for CTAPA30 and 3 wt % of octanol for
CTAPA6000, where a three-phase region containing hexagonal +
lamellar + L1 phases is reached. A SAXS spectrum of the mixture
(lamellar+hexagonal)isshowninFigure3A.Withinthisregion,
the hydrophobic radius and bilayer thickness calculated for
hexagonal and lamellar phases are, respectively, 18 and 19 Å
for CTAPA30 and 18 and 18 Å for CTAPA6000.
When the octanol mass fraction reaches ∼13 wt % for
CTAPA30 and 9 wt % for CTAPA6000, the systems assume a
biphasic region with a lamellar phase in equilibrium with L1
(L+L1).Thistwo-phaseregionextendsupto20wt%ofoctanol
for CTAPA30 and up to 23 wt % for CTAPA6000. The lamellar
phase displays SAXS peaks at relative positions 1, 2, and 3 with a
repeated distance ranging from 41 to 44 Å for CTAPA30 and
from43to44ÅforCTAPA6000.Thebilayer thicknesscalculated
within this region varies from 16 to 19 Å for the smaller complex
salt and from 18 to 20 Å for the longer complex salt.
As more alcohol is added to the mixture, a further three-phase
region with lamellar + reverse hexagonal + L1 phases appears.
The SAXS spectra of the mixture (lamellar + reverse hexagonal)
areshowninFigure3B.Thisthree-phaseregionremainsuntil30
wt % of octanol for CTAPA30 and until 36 wt % of octanol for
CTAPA6000,anditisfollowed byabiphasicregionwithareverse
hexagonalphase(H2)inequilibriumwithL1.SAXSspectraofthe
reversehexagonalphasehavepeaksatthesamerelativepositions
as the normal hexagonal phase; the cell parameter within the
biphasic region is ca. 44 Å for CTAPA30. The corresponding
internal radius of the cylinders is 15 Å.
At around 35 and 42 wt % of octanol for CTAPA30 and
CTAPA6000, respectively, an upper isotropic liquid phase (L2
phase) appears in equilibrium with the L1 and reverse hexagonal
phases. This three-phase region (H2 +L 1 +L 2) extends up
to 48 wt % of octanol for CTAPA30 and up to 93 wt % for
CTAPA6000.
At higher alcohol contents, from 48 to 94 wt % for CTAPA30
and just close to the wateroctanol axis for CTAPA6000, the
mixtures display a biphasic region with two isotropic phase in
equilibrium (L1 +L 2). This L2 phase was extensively studied in a
parallel work,
17 and the results revealed that the alcoholic solu-
tioniscomposedofreverseelongatedmicelleswithahydrophilic
core that contains water, polyanion, and the surfactant head-
groups and a corona with the surfactant and n-alcohol tails.
Finally, at the end of the alcohol dilution line, a one-phase
regioncontainingonlythealcoholicisotropicphase(L2phase)is
observed for the octanolic systems.
3.4. Hexanolic System. The phase diagrams with hexanol,
shown in Figures 1C and 2C, are quite similar to those obtained
for octanol. The principal difference is related to the reverse
hexagonal phase, which was not detected for the complex salt
withtheshorterpolyion.Increasingthealcoholcontentalongthe
dilution line, the hexanol molecules must be preferentially
incorporated in the liquid crystalline phases because of their
low water solubility (0.7 wt %).
19,20
The regions: cubic + L1, cubic + hexagonal + L1, hexagonal +
L1 for CTAPA30, and hexagonal + L1 for CTAPA6000 are drawn
as dashed lines because they were not detected during experi-
ments. At ∼5 wt % of hexanol for CTAPA30 and 2 wt % of
hexanol for CTAPA6000, the ternary mixtures display a three-
phase region with hexagonal + lamellar + L1 phases in equilib-
rium. The cell parameters of the hexagonal and lamellar liquid
crystalline phases in this region are, respectively, 60 and 45 Å for
CTAPA30 and 62 and 46 Å for CTAPA6000. On increasing the
alcohol content to 11 wt % for CTAPA30 and to 9 wt % for
CTAPA6000, a biphasic region with lamellae in equilibrium with
L1 is reached. The cell parameter and the corresponding value of
bilayer thickness within the biphasic area are 46 and 22 Å for
CTAPA6000. In the CTAPA30 system, the cell parameter and the
bilayer thickness range from 44 to 46 Å and from 23 to 25 Å,
respectively.
Atslightlyhigherhexanolconcentration(13wt%),thesystem
with CTAPA6000 displays another three-phase region: lamellar +
reversehexagonal+L1,asobservedinsystemswithoctanol.This
three-phase region is maintained until 29 wt % of hexanol, and it
is followed by a biphasic region with a reverse hexagonal phase
(H2) in equilibrium with L1. The cell parameter and internal
radius of the cylinders for the reverse phase are 47 and 16 Å,
respectively.
When more hexanol is added to the system, at 22 wt % for
CTAPA30 and 35 wt % for CTAPA6000, an upper isotropic liquid
phase (L2 phase) appears in equilibrium with L1 + lamellar for
CTAPA30 and in equilibrium with L1 + reverse hexagonal for
CTAPA6000. The three-phase region remains until 47 wt % of
alcohol for the smaller complex salt and until 55 wt % of alcohol
for the longer complex salt. The next region detected along
the alcohol dilution line is a biphasic region with two isotropic
liquidsinequilibrium(L1+L 2).Atalcoholconcentrationsabove
Figure 3. SAXS spectra of samples contained in regions (A) H + L
(composition: 7 wt % of octanol, 69 wt % of water and 24 wt % of
C16TAPA30)and(B)L+H2(composition:38wt%ofoctanol,34wt%
of water, and 28 wt % of CTAPA30).9055 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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82 wt % for CTAPA30 and 91 wt % for CTAPA6000, the ternary
mixtures present just one single phase (L2).
3.5. Butanolic System. The ternary phase diagram with
butanol for CTAPA30, shown in Figure 1D, has the sameregions
as detected in the hexanol system; the differences observed are
just related to the positions of the borders. An additional dif-
ference between the hexanolic and the butanolic systems was
foundforCTAPA6000(Figure2D)becausethereversehexagonal
phase was not detected with butanol.
On increasing the alcohol content along the dilution line, the
butanol molecules should go to both the liquid crystalline phase
and the aqueous isotropic phase (L1) because butanol molecules
have a signiﬁcant solubility in water (8 wt %).
19,20 Therefore, for
this system, we cannot assume that the n-alcohol quantitatively
ends up in the liquid crystalline phase. Moreover, because the L1
phase should contain some butanol, it could also dissolve some
complex salt. This has not been investigated here.
At low butanol content for CTAPA30 system, some regions
werenotdetected(cubic+L1andcubic+hexagonal+L1)during
the experiments because they represent narrow regions, which
makesdiﬃculttopreparesampleswiththeexactcompositionsthat
ﬁt in these regions. Nevertheless, they are represented by dashed
lines because their presence is required by the Gibbs phase rule.
Forbothcomplexsaltsystems,aregionwithahexagonalphase
in equilibrium with L1 appears in the beginning of the alcohol
dilution line. This region extends until 9 wt % of butanol
for CTAPA30 and until 10 wt % of butanol for CTAPA6000.
Thecellparameterandthehydrophobic radiuscalculatedforthe
hexagonal phase are, respectively, 59 and 19 Å for CTAPA30 and
60 and 21 Å for CTAPA6000.
As more butanol is added to the system, the complex salts
assume a lamellar liquid crystalline phase. The hexagonal-to-
lamellar phase transition starts in a narrow three-phase region
containinghexagonal+lamellar+L1phases,whichisfollowedby
biphasic region with lamellar + L1 phases.
At ∼12 wt % of butanol for CTAPA30 and 25 wt % of butanol
for CTAPA6000, an alcoholic isotropic phase (L2) appears in
equilibrium with the lamellar and L1 phases. The three-phase
region extends up to25 wt %of alcoholfor the complex salt with
theshorterpolyion andupto30wt %ofalcoholforCTAPA6000.
The cell parameter and the bilayer thickness for the lamellar
phase within this three-phase region are, respectively, 44 and
19 Å for CTAPA30 and 44 and 23 Å for CTAPA6000. Upon fur-
ther increasing the butanol content, the ternary systems displays
two isotropic L1 and L2 phases in equilibrium.
Above 41 wt % of butanol for CTAPA30 and 51 wt % of
butanol for CTAPA6000, the system reaches a large one-phase
region containing an alcoholic isotropic phase, which is com-
posedofreverseelongatedmicelles,asdescribedinmoredetailin
another publication.
17
3.6. Ethanolic System. The ternary phase diagrams with
ethanol are shown in Figures 1E and 2E. These phase diagrams
have different features than those observed with the higher alco-
hols. For example, the lamellar liquid crystalline phase, which is
present in all of the other systems, was not detected with ethanol.
On increasing the alcohol content along the dilution line, the
ethanol molecules, as in butanol system, should be incorporated
both in the liquid crystalline phase and in the aqueous isotropic
phase (L1) because of complete miscibility of water and ethanol.
At low ethanol concentration (2 wt %), a narrow biphasic region
with cubic + L1 phases was detected for CTAPA30. The SAXS
spectrum of the Pm3n cubic phase is represented in Figure 4.
The cell parameter calculated for this phase is 145 Å, which is
40Ålargerthanthatobtainedforthebinarycomplexsalt+water
system.
2As∼3wt%ethanolwasaddedtothesystem,acubic-to-
hexagonalphasetransitionwasobserved.Thethree-phaseregion
cubic + hexagonal + L1 was not detected during the experiment
because it represents a narrow area in the phase diagram, being
diﬃcult to prepare a sample with the exact composition that ﬁts
this region. However it is represented in the phase diagram for
consistency with the Gibbs phase rule.
Thebiphasic regioncontainingL1+hexagonalphasesextends
from5to30wt%ofethanolforCTAPA30andfrom0to40wt%
of ethanol for CTAPA6000. The cell parameter of the liquid
crystalline phase varies from 44 to 46 Å for the shorter polyion
and from 40 to 44 Å for the longer polyion. In these cases, the
cylinder dimensions could not be estimated because it is diﬃcult
to determine theexactamount of ethanolpresent in theaqueous
and micellar phases.
As more ethanol was added to the system, a narrow three-
phase region containing L1 + hexagonal liquid crystalline phase
andatopviscousisotropicphaseappearedforbothsystems. The
latter viscous phase (L2) displayed optical birefringence when
sheared between crossed polarizers. A SAXS spectrum of the L2
phase presents only a single correlation peak and is shown in
Figure 5. According to our previous results for mixtures with
butanol, hexanol, and octanol,
17 the L2 phase is composed of
reverse polyionsurfactant ion aggregates, where a fraction of
the surfactant counterions may be dissociated from the central
polyion, dissolved in the alcohol medium. We conclude that at a
certain critical content of ethanol the hydrophobicallyassociated
normal surfactant aggregates, which exist in the wide water-rich
normal hexagonal phase of the phase diagram, dissolve into
electrostaticallystabilizedreverseaggregatesbecauseofthelower
cohesive energy of ethanol compared with water.
Alargebiphasicregionwithtwoisotropicphasesinequilibrium
wasdetectedfrom34to85wt%ofethanolforCTAPA30andfrom
45 to 87 wt % for CTAPA6000. At the end of ethanol dilution line,
the ternary mixtures enter the dilute branch of the L2 phase.
4. DISCUSSION
The eﬀect of adding n-alcohol to the system containing water +
complex salt was analyzed along an alcohol dilution line, as
Figure 4. SAXS spectra of sample contained in region C + L1
(composition: 4 wt % of ethanol, 69 wt % of water, and 27 wt % of
CTAPA30).9056 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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described in the previous section. Diﬀerent trends were veriﬁed
fortheternaryphasediagramsstudied.Firstofall,itwasobserved
thatasthen-alcoholchainlengthdecreases,theregionsoccupied
by the liquid crystalline phases generally decrease, whereas the
areas occupied by liquid isotropic phases (L1 and L2) as well as
thecomplexsaltsolubilityincrease.Asecondimportantﬁndingis
that the sequence of the phases, along this dilution line, is similar
to that obtained for CTABr
15 for all studied alcohols. Thus, the
self-assembled structures seem to be determined by the hydro-
carbon chain lengths of the surfactant ion and of the alcohol.
Cosurfactant and Cosolvent Effects. Different trends ob-
served along the n-alcohol dilution line are related to two
extreme effects that may be caused by n-alcohol molecules,
namely, a cosurfactant effect and a cosolvent effect. Decanol acts
purely as a cosurfactant and dissolves among the CTA
+ mol-
ecules with the hydroxyl groups located at the aggregate inter-
face. This leads to an increase in the critical packing parameter,
23
favoring the formation of structures with low curvature both for
CTAPAn
14 and CTABr
15 systems.
Forintermediatealcohols(butanol,hexanol,andoctanol),the
transitions from cubic to hexagonal and from hexagonal to
lamellar phases were also detected at low alcohol content. (See
Table 1.) The data in Table 1 conﬁrm that the alcohols with
longer carbon chains are more eﬀective in promoting transition
toward liquid crystalline phases with lower curvature. When
octanol or hexanol are added to CTAPA30 + water systems, the
areaperionicsurfactantheadgroupforthelamellarphaseincreases
from 68 to 147 or from 73 to 101 Å
2, respectively. This behavior
indicates that the n-alcohol molecules dissolve as cosurfactant
molecules between surfactant molecules within the aggregates,
independently of their alkyl chain length, which leads to a change
in the liquid crystalline structure as the n-alcohol concentration
increases. For butanol systems, these transitions occurred at
slightly higher alcohol content, probably because only a fraction
of the alcohol molecules is incorporated into the aggregates.
Hence, a higher total concentration of butanol is necessary to
cause the same eﬀect as observed for octanol or hexanol.
Besides the cosurfactant eﬀect, the intermediate alcohols also
may act as cosolvents, depending on their carbon chain length.
Uponvaryingthealcoholfromoctanoltobutanol,themiscibility
with water and the tendency to form the L2 phase increase. The
tendency to assemble into reverse liquid crystalline structures,
such as reversehexagonal phase, decreases.Theseﬁndingsreveal
that the “solvent quality” for the long reverse micelles rises with
decreasing alcohol chain length. The tendency to form L2 phase
may be related to changes in the entropy of mixing in these
mixtures. J€ onsson et al.
24 argued that the entropy term depends
onthesizeofthemoleculesinthebulkmedium,andforalcohols,
this means that the term becomes more important for shorter
alcohols, with small molecules mixing better with the surfactant
palisade layer of the reverse aggregate, favoring the formation of
disordered phases.
A detailed investigation of the nature of the L2 phase was the
subject of a previous publication,
17 where it was concluded that
these aggregates are composed of polyion chains decorated by
the surfactant molecules with some water dissolved in its core,
behaving like reverse micelles with a spine.
The balance of the tendency to form reverse hexagonal and
disorder micellar phases (H2 and L2) can be used as an estimate
of solvent quality for the surfactant or complex salt. Octanol
seems to be a “marginal solvent”; it readily dissolves CTABr
micelles
15 and small reverse micelles of CTAPA30. However, the
long reverse micelles of CTAPA6000 do not dissolve well in
octanol,resulting inasmallL2phase regioninthephase diagram
(Figure 2B). Interestingly, preliminary results on temperature
eﬀects on these phase equilibria demonstrated that a reverse H2
phase appears in the CTAPA30/decanol/water system at 40 C,
whereasthisstructureisabsentat25C.Followingthereasoning
above,thisﬁndingsuggeststhatdecanolbecomesabettersolvent
for the complex salts as the temperature is raised.
14,25
In the case of hexanol and butanol, a large L2 phase region is
present independently of the length of the counter-polyion,
which indicates that these n-alcohols are good solvents for the
complex salts. In polymer language, hexanol, and butanol are
better-than-thetasolvents,whereasoctanolshouldbeconsidered
as a worse-than-theta solvent.
For ethanolic systems with CTAPAn and CTABr,
15 the
cosurfactant eﬀect can be ruled out: the ternary phase diagrams
are rather diﬀerentfromthoseobtained withthe longer alcohols.
A predominance of the normal hexagonal phase and an absence
of a lamellar phase are evident. Furthermore, at high ethanol
concentration, the complex salt dissolves, forming the L2 phase.
All of these trends classify ethanol purely as a solvent, because it
mainly occupies the continuous medium.
When comparing the extension of the L2 region for CTAPAn
systems,oneobservesthatitislargerforbutanolthanforethanol.
This fact can be understood by taking into account the water
miscibility with butanol and ethanol. In the butanol systems, the
water molecules predominantly enter the interior of the mixed
micelles, and in this way, the solvent quality of the continuous
butanol phase remains mostly unchanged along a water dilution
Figure 5. SAXS spectra of samples contained in region L2: (a)
composition: 35 wt % of ethanol, 17 wt % of water, and 48 wt % of
C16TAPA30, and cell parameter = 28.5 Å; (b) composition: 55 wt % of
ethanol,15wt%ofwater,and30wt%ofCTAPA30andcellparameter=
28.8 Å.
Table 1. N-Alcohol/Surfactant Ion (CTA
+) Weight Ratio at
the Diﬀerent Phase Transitions along the Alcohol Dilution
Line Represented in Figure 1
n-alcohol cubichexagonal hexagonallamellar
lamellarreverse
hexagonal
decanol
14 0.05 0.15
octanol 0.08 0.27 1.1
hexanol 0.08 0.259057 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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line.Incontrast,inethanolsystems,thewatermoleculesdissolve
mainlyintheethanolcontinuousphasebecauseoftheircomplete
miscibility, which changes the solvent quality, promoting a
liquidliquid phase separation of reverse polyionsurfactant
ion aggregates along a miscibility gap.
Monomeric and Polymeric Counterions. The comparison
between this work and the similar investigation conducted by
Fontell et al.
15 on the phase behavior and structure analyses of
CTABr in water with a range of different n-alcohols can provide
insight into the polyanion effect.
Alongthealcoholdilutionline,thesametrendswereobserved
for systems with both monomeric bromide and polymeric poly-
acrylate counterions. For each of the longer n-alcohols: decanol,
octanol, hexanol, and butanol, CTABr and CTAPAn displayed
almost the same liquid crystalline structures in the ternary
mixtures with water and n-alcohol. The only diﬀerence was the
presence of inverted phases with CTABr in decanol, which was
not observed with CTAPAn. In ethanolic systems, the hexagonal
structurewastheonlyliquidcrystallinestructureencounteredfor
both the complex salts CTAPAn and the surfactant CTABr. This
evidence allows us to conclude that the aggregate geometry in
these ternary systems for a given surfactant ion is mainly
determined by the alkyl chain length of the n-alcohol.
An important diﬀerence veriﬁed in these systems is related to
the swelling of the liquid crystalline phases by water. With
polymeric counterions, the lamellar phase for decanol, octanol,
and hexanol incorporates ∼40 wt % of water, and with bromide
as counterion, the lamellar structure absorbed an almost un-
limited amount of water. These results conﬁrm the existence of
greater attractive forces between the planar aggregates due
mainly to the polyanion bridging between the aggregates.
26 In
the case of the monomeric counterions (CTABr + n-alcohol), a
highswellingistheresultof long-range repulsiveforce. Svensson
et al.
26 showed that the phase diagram for CTA
+ micelles
with mixed polymer and monomeric counterions reveals that
the micellemicelle interaction changes from repulsive, when
thesimplecounterionsdominate,tostronglyattractive,whenthe
polymeric counterions dominate. This trend was supported by
computer simulations, which also showed that the dominating
attractivetermispolyionbridging.Itisinterestingtonotethatno
major diﬀerences were observed, comparing both the phase
behavior and the structural parameter of liquid crystalline phases
formedwiththelong andshortcomplexsalts,indicatingthatthis
eﬀect is already predominant for a polyanion with 30 repeating
units.
14 In fact, Norrman et al.
27 showed that using di-, tri-, or
tetravalent carboxylates as CTA
+ counterions, the strong attrac-
tion between the planar aggregates is already well-established.
The previous study of the ternary system of CTABr + water +
butanol
15 found a large one-phase region extending from the
water-rich to the butanol-rich corner. Although Fontell and co-
workers did not investigate the nature of this phase, it is reason-
able to assume that close to the water and butanol corners,
CTABr assembles as normal (L1) and reverse (L2) micelles, res-
pectively. At moderate concentrations of butanol, the observa-
tionofahomogeneousisotropicphasemaybeunderstoodasthe
formation of a CTABr solution or a bicontinuous phase, but the
details provided do not allow discrimination of which one is
occurring. More recently, a similar study
28 with gemini cationic
surfactant in water and butanol proposed the formation of a
bicontinuous phase in this same area of their phase diagrams,
although no direct evidence was reported to support this claim.
Results from the present investigation show that the addition of
complexsaltCTAPAntoabiphasicwaterbutanolmixtureleads
to the partitioning of the complex salt entirely to the butanolic
L2 phase, without a merging of the butanol- and water-rich
phasesonfurtheradditionofcomplexsalt.Thefailureinforming
a continuous complex salt solution in water/butanol mixtures
may be ascribed to a stronger attraction between the surfactant
molecules with the polymeric counterions and hence reduced
solubility due to the presence of the polymeric counterion.
In the phase diagram for the ternary system CTABr + water +
ethanol,
15 a large one-phase region starting from the water
ethanol corner occupies ca. 70 wt % of the phase diagram. In
this region, complete miscibility among the three components
occurs, producing an isotropic solution. For CTAPAn systems,
the addition of complex salts to the mixture of water + ethanol
leads to phase separation in samples with less than ca. 75 wt % of
ethanol. Again, the failure in forming a large extension of the
complex salt solution may be ascribed to a stronger attraction
betweenthepolyionsurfactantionaggregates.Infact,thelatter
reverseaggregatesshowtheclassicaltrendforpolymersinapoor
solvent in that the miscibility gap increases with increasing
degree of polymerization of the polymer.
An L2 phase was also detected in systems where CTABr was
mixed with decanol, octanol, or hexanol and water.
15 In these
systems, some water (approximately a ﬁxed mass of water mole-
cules per unit mass of surfactant) was required to form the L2
phase. In constrast, for the polymeric counterion, the alcoholic
solution was found already for the driest systems investigated,
where the water content was determined by the ﬁnite content of
water in the freeze-dried complex salts.
A recent investigation by Leal et al.
16 showed the eﬀect of
n-alcohol addition in aqueous systems composed of a complex
salt of a cationic surfactant (dodecyltrimethylammonium, DTA)
withDNAas counterion. The obtained results showed several of
the trends observed in the present work: The longer n-alcohol
acted as cosurfactant favoring lamellar structures, and, as the
n-alcohol chain length decreased, the disordered phases became
more favorable and occupied a larger area of the phase diagram.
The solubility of the complex DNA salt in pure alcohol also
increased with decreasing alkyl chain length of the alcohol,
although the eﬀect was not as large as was found here for
CTAPAn. However, there were also distinct diﬀerences because
the one-phase areas were generally quite narrow in the DTAD-
NA system and were separated from neighboring one-phase
areas by large miscibility gaps. Two particular notable diﬀer-
ences were the low maximum water uptake in the L2 phases of
DTADNA with hexanol and butanol and the absence of a large
normal hexagonal phase in the mixtures with ethanol. Thus,
the interesting analogies with the mixtures containing the simple
CTABr surfactant, which we found and highlighted here for the
CTAPAn systems, were largely absent for the systems containing
DTADNA.
The phase behavior of systems containing DTAPAn complex
salts has been previously studied
2,29 but not for mixtures with
alcohols. Overall, the studied DTAPAn systems showed large
similarities to the corresponding CTAPAn systems, although the
shorter surfactant tail generally gave a larger water uptake and
a shift of the hexagonal phase toward higher surfactant ion
concentrations. The similarities between DTAPA and CTAPA
systems suggest that most of the diﬀerences between DTAD-
NA and CTAPAn, in their mixtures with long-chain alcohols
and water, are due to the diﬀerences between the DNA and PA
polyions.9058 dx.doi.org/10.1021/jp202413q |J. Phys. Chem. B 2011, 115, 9050–9058
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5. CONCLUSIONS
In this work, the eﬀect of adding alcohols with diﬀerent alkyl
chain lengths insystems composedof complexsaltCTAPAnand
water was analyzed. The packing of the surfactant molecules was
strongly aﬀected by the alcohols; decanol, octanol, hexanol, and
butanol all favored structures with lower curvature, such as the
lamellar phase. The region occupied by the alcoholic isotropic
phase (L2 phase) increased as the n-alcohol chain length
decreased, which was ascribed to a better miscibility of the
shorter chain alcohols with the surfactant chains in the palisade
layerofthereversemicelles.Inthemixtureswithethanol,thead-
dition of water decreased the solvent quality, resulting in phase
separation of the reverse polyionsurfactant ion aggregates. By
contrast, the L2 phases in butanol, hexanol, and octanol could
incorporate large fractions of water inside the reverse micelles.
Comparisons with previous studies showed that the geometry
of the liquid crystalline phase in the ternary systems is mainly
determined by the nature of the n-alcohol and to a lesser extend
bythesurfactantcounterion.The restricted swellingbywater for
lamellar and hexagonal phases in systems with the polymeric
counterions was interpreted as a consequence of the attractive
forcesbetweentheaggregatesduetobridgingandioncorrelation
eﬀects.
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